he course of events after myocardial ischemia is: initiation of high-energy phosphate depletion within seconds, loss of contractility within 1 min, the beginning of irreversible cardiomyocyte injury within 20 min and the onset of microvascular injury within 1 h. 1 Infarcted myocardium manifests necrosis by light microscopy within 24 h, followed by waves of acute and chronic inflammation that remove the necrotic tissue. Granulation tissue, the provisional tissue of wound repair, forms concomitantly with clearance of necrotic myocardium and by 6-8 weeks, the human infarct transitions into dense collagenous scar. 2 This process causes an irreversible loss of contractile function in the ischemic region, decreased heart function and, depending on the location and degree of ischemia, heart failure. 3 Pharmaceuticals and cardiac rehabilitation can improve heart function, but if discontinued, the heart's function will typically deteriorate. The persistent long-term decreased heart function is related to the adult human heart's lack of a significant regenerative capacity. 4 Currently, the only long-term method for replacing dead cardiomyocytes is heart trans-plantation, a procedure severely limited by cost and the shortage of donor hearts.
Over the past 15 years, cell-based therapy has been actively pursued as a means to repair the damaged heart. Success in cell therapy requires the identification of a cell that is capable of differentiating into a cardiomyocyte, can electromechanically integrate into a damaged region and, ultimately, restore normal heart function. Our group, as well as others, originally focused on remuscularization using skeletal myoblasts. 5 The benefit of this cell population, however, is limited, because skeletal muscle is unable to form the appropriate gap junctions for electrical coupling, which can lead to arrhythmogenesis. 6,7 A diverse number of noncardiac cell types have also been assessed for their ability to regenerate myocardium, including bone marrow-derived stem cells, 8,9 adipose-derived stem cells, 10 resident cardiac stem cells, 11 endothelial cells, 12 and umbilical cord blood. 13 Although many studies have demonstrated a functional benefit from these transplanted stem cells, they have demonstrated only a very limited number of de novo cardiomyo-Over the past decade, the ability to culture and differentiate human embryonic stem cells (ESCs) has offered researchers a novel therapeutic that may, for the first time, repair regions of the damaged heart. Studies of cardiac development in lower organisms have led to identification of the transforming growth factor-β superfamily (eg, activin A and bone morphogenic protein 4) and the Wnt/ β-catenin pathway as key inducers of mesoderm and cardiovascular differentiation. These factors act in a context-specific manner (eg, Wnt/ β-catenin is required initially to form mesoderm but must be antagonized thereafter to make cardiac muscle). Different lines of ESCs produce different levels of agonists and antagonists for these pathways, but with careful optimization, highly enriched populations of immature cardiomyocytes can be generated. These cardiomyocytes survive transplantation to infarcted hearts of experimental animals, where they create new human myocardial tissue and improve heart function. The grafts generated by cell transplantation have been small, however, leading to an exploration of tissue engineering as an alternate strategy. Engineered tissue generated from preparations of human cardiomyocytes survives poorly after transplantation, most likely because of ischemia. Creation of pre-organized vascular networks in the tissue markedly enhances survival, with human capillaries anastomosed to the host coronary circulation. Thus, pathways controlling formation of the human cardiovascular system are emerging, yielding the building blocks for tissue regeneration that may address the root causes of heart failure. (Circ J 2010; 74: 2517 - 2526 cytes, which suggests that these different cell types may work through as-yet undiscovered paracrine factors rather than via true regenerative mechanisms.
Based on the limited ability of adult stem cells to remuscularize the heart, we turned our focus to pluripotent embryonic stem cells (ESCs). In 1998, Thompson et al demonstrated a method of culturing human ESCs (hESCs), 14 which have an unquestioned ability to differentiate into any cell type. Furthermore, hESCs are expandable, allowing scalable expansion to replace the billion or so myocytes lost in a typi-cal infarct. 15 Understanding the biology of hESCs will help identify the factors required to determine a cardiovascular fate and may serve as a platform for future therapy. In this invited paper, we review our group's experiences deriving cardiomyocytes from hESCs, describing the molecular basis for ESC differentiation and our efforts to use these cells to repair the infarcted heart. Although our charge was to focus on work from our own laboratory, we briefly highlight other groups as space permits. Readers interested in a broader overview of the field are referred to several recent compre- (F) Histomorphometry demonstrates no increase in cardiomyocyte differentiation within heart teratomas when compared with teratomas from the mouse hind limb that were derived from embryoid bodies, indicating the lack of a cardiogenic environment in either the normal or injured heart. Cardiogenesis From Human ESCs hensive reviews. [16] [17] [18] [19] Embryonic Stem Cell Pluripotency:
A Double-Edged Sword
The ability of ESCs to become any cell type in the body makes them extremely useful for tissue regeneration, but it also makes them challenging to control. Initial studies attempted to introduce undifferentiated mouse ESCs directly into the myocardium, with the hope that local cues, such as signaling molecules, extracellular matrix or biomechanical stresses, would, independently, be sufficient to signal a cardiac fate and improve heart function post infarction. 20, 21 Although having an instructive cardiac environment would greatly simplify the therapeutic potential of ESCs, both our group 22 and others 23 found no preferential cardiomyocyte differentiation after transplantation into the heart. Instead, we consistently found teratomas within 3 weeks of transplanting undifferentiated mouse ESCs into the uninjured or infarcted mouse heart (Figures 1A-E ). Furthermore, there was no enrichment for cardiomyocyte differentiation of ESCs transplanted into the left ventricle vs those transplanted into hindlimb skeletal muscle ( Figure 1F ). Finally, we found that teratomas from allogeneic ESCs were rejected unless the hosts were immunocompromised, indicating no immune privilege for ESC progeny. These studies demonstrate that more differentiated cells will be required to specify a cardiomyocyte fate and to minimize the risk of tumor formation; furthermore, immunosuppression may be necessary for allogeneic transplantation to succeed clinically.
Controlling Cardiac Differentiation With Transforming Growth Factor (TGF)-β and Wnt Family Signaling
The inability of the cardiac milieu to direct ESC specification demonstrated the need to further understand the signals that induce cardiomyocyte differentiation. The original method for generating cardiomyocytes from human ESCs involved forming 3-dimensional aggregates called embryoid bodies (EBs), followed by induction of differentiation with This system would create immature cardiomyocytes at a frequency of <1%, 24 also giving rise to cells from all 3e germ layers. In the 1990s, a series of reports demonstrated the role of TGF-β superfamily proteins in the induction of mesoderm specification and subsequent cardiac differentiation in Xenopus and chick embryo development. Prior to gastrulation the hypoblast induces mesoderm from the primitive streak with activin or nodal signaling. 25 Further induction with bone morphogenic proteins (BMPs) is able to induce cardiac differentiation. 26 Drawing from this information, our group, in collaboration with scientists from the Geron Corporation, assessed these developmental cues in a hESC culture system. The H7 line of hESCs was grown as a high-density monolayer and treated with activin A (100 ng/ml) for 24 h followed by BMP4 (10 ng/ml) for 4 days. Spontaneous beating was observed at day 12, with consistent yields of >30% cardiomyocytes. If these cells were subsequently separated in a Percoll density gradient, a cardiomyocyte population of >80% could be reproducibly achieved (Figures 2A-E) . 27 A similar protocol developed by the Keller Laboratory again used activin A and BMP4 to induce mesoderm. However, their protocol induced differentiation in EBs grown under hypoxic conditions. The Keller Protocol also included treating the cells at the mesodermal stage with a canonical WNT inhibitor, dikkopf homolog 1 (Dkk1, see later) and the addition of vascular endothelial growth factor. 28 Though there are differences between the 2 protocols, they both demonstrate that TGF-β family signaling is key to controlling mesoderm induction and cardiac differentiation from hESCs. At the time of those studies, the role of Wnt/ β-catenin signaling in cardiomyocyte differentiation was less clear. Various studies suggested this pathway both induces and represses cardiomyocyte differentiation. Data from Xenopus and chick development showed that overexpression of Wnts in the pre-cardiac mesoderm suppresses heart induction and instead forms primitive erythrocytes. 29 Furthermore, inhibition of Wnt induces ectopic heart formation in the noncardiac mesoderm in chick embryos. 30 Although this would suggest Wnt directs stem cells away from a cardiac specification, a separate study demonstrated Wnt/ β-catenin signaling enhances rather than represses cardiac differentiation by inducing lateral mesoderm formation, a tissue that gives rise to the heart. 31 Confounded by these results, our group assessed this divergent role for Wnt signaling. Zebrafish lines were engineered to contain heat shock inducible Wnt activators (Wnt8) and Wnt repressors (Dkk1). Using these transgenic animals, we demonstrated that if Wnt activation occurs prior to gastrulation, the amount of lateral mesoderm tissue is increased, which subsequently increases the number of cardiac progenitors (determined by Nkx2.5 expression). If, however, Wnt overexpression is induced after gastrulation, cardiac progenitor numbers are reduced. 32 Conversely, repressing Wnt signaling by overexpressing Dkk1 prior to gastrulation reduces the pool of lateral mesoderm cells and diminishes cardiac differentiation, whereas treating the cells after mesoderm induction with Dkk1 increases the resulting percentage of cardiomyocytes. Interestingly, the transition from activator to repressor occurs over a 1-h period, demonstrating a striking temporal dependence. This biphasic role for canonical Wnt in mesoderm and cardiac specification was also tested in mouse ESCs. Mouse EBs were subjected to Wnt3a from days 2-5 of differentiation, which resulted in a 20-fold increase of EB spontaneous contraction ( Figure 3A) and a likewise 22-fold increase in cardiac specific α myosin heavy chain RNA (data not shown). 32 This biphasic role for Wnt occurs in the hESC differentiation pathway as well. 33 When assessing the role of Wnt expression in the activin A/BMP4 directed differentiation protocol, endogenous Wnts 1, 3a and 8a are induced after activin A treatment and mesoderm specification. If hESCs are treated with exogenous Wnt3a prior to mesoderm specification, the ultimate extent of the induction of cardiomyocytes ( Figure 3B) and β-myosin heavy chain RNA (MHC; Figure 3C ) is further increased. Conversely, when Wnt signaling is inhibited by Dkk1 application at day 1 of activin A/BMP4 treatment, the induction of cardiomyocyte numbers and β-MHC RNA is markedly reduced (Figures 3B,C) . If, however, Wnt is inhibited after mesoderm specification, by the addition of Dkk1 (days 5-11), the ultimate amount of β-MHC RNA is increased by 70% compared with control hESCs treated only with activin A/BMP4 (Figure 3D) . 33 These findings indicate that endogenously produced Wnt ligands control mesoderm and cardiac differentiation from hESCs. Data from our group further suggests that line-toline variation in the activity of key signaling pathways likely explains the variance in cardiogenesis among different hESC lines. 33 Studies such as these also demonstrate that cardiac promoting signals learned from Xenopus and zebrafish embryology have a similar function in controlling cardiac specific differentiation in mouse and human ESCs. These advancements greatly increase our ability to prepare and isolate larger populations of hESC-derived cardiomyocytes for transplantation experiments.
Generation of Endothelium From Human ESCs
Although the principal goal of cell-based cardiac repair has been the replacement of lost cardiomyocytes, the transplanted cardiomyocytes will require the establishment of a significant vascular supply, either from the host tissue or from a therapeutic cell source. In early development, blood vessels are derived from angioblasts initially generated by the yolk sac. Vascular endothelial growth factor (VEGF) is a major effector for the proliferation and differentiation of the angioblasts, 34 ultimately leading to the coalescing of blood islands and the formation of a primary capillary bed. 35 If hESCs are grown to form EBs and allowed to differentiate in 20% fetal bovine serum (FBS), typically only 1-2% of cells will obtain an endothelial fate. We therefore tested a variety of protocols to enhance endothelial differentiation. Neither differentiation in commercial endothelial growth medium (EGM-2MV, effective for monkey ESCs) 36 nor coculture with OP9 stromal cells (shown to enhance hematopoiesis from human ESCs) 37 enhanced expression of the endothelial surface marker CD31. If the same protocol were repeated, however, with 20% FBS and vascular endothelial growth factor (VEGF: 50 ng/ml every 2 days), after 14 days of treatment, the VEGF-treated EBs had significant increases in the level of endothelial markers CD31, VE-cadherin, and von Willebrand factor (Figures 4A,B) . Furthermore, CD31 antibody staining of VEGF-treated EBs demonstrated vascular structures with cords, branches and lumens, whereas control EBs had only rudimentary structures.
We assessed whether hESC-derived endothelium was able to differentiate into functional vascular beds by treating EBs with VEGF. These treated cells were then sorted and a CD31-positive population was isolated and mixed in a 2:1 ratio with human mesenchymal stem cells, to provide a stromal support, and seeded into a collagen gel. We found that MIGNONE JL et al.
these constructs could be implanted onto the surfaces of 7week-old rat myocardial infarcts. When analyzed after 1 week, human vascular networks were identified and, even more encouraging, host red blood cells were readily detected within the lumens of the engineered vasculature (Figures 4C,  D) . This finding demonstrated that hESC-derived endothelial cells could survive transplantation and, within a relatively short period, incorporate into the existing vasculature, which encourages further study of hESC-derived endothelial cells in cell therapy and tissue engineering.
Human ESC-Derived Cardiomyocytes Improve Heart Function Post-Infarct
The activin A/BMP4 protocol increased our population of cardiomyocytes for transplantation and minimized the risk of teratoma formation by decreasing the pool of undifferentiated ESCs. The next hurdle to overcome was achieving engraftment. Infarcts present a hostile environment: they are hypoxic, acidic, replete with reactive oxygen species, and contain leukocytes that participate in cytokine and protease production. Could immature cardiomyocytes survive, integrate and function? Prior studies demonstrated that hESCderived cardiomyocytes could survive in a normal rodent heart, 38 and Kehat et al 39 showed that these cells electrically integrated when grafted in the normal pig heart. We therefore tested whether hESC-derived cardiomyocytes could engraft and improve function in a rodent model of myocardial infarction. Our initial results were disappointing. Human cardiomyocyte preparations did not survive in the infarct, and cardiac function was not affected. After extensive testing, we developed a pro-survival cocktail that blocks multiple pathways involved in cell death through membrane damage or apoptosis. 27 The pro-survival interventions improve survival markedly, with >90% of animals now showing human cardiac grafts. Next, we transplanted 10 million hESC-derived cardiomyocytes into the hearts of athymic rats, injured 4 days prior by 60 min of ischemia of the left anterior descending artery followed by reperfusion. At 1 month after transplantation, >85% of the transplanted cells were correctly targeted to the infarct, repopulating approximately 4% of the infarcted area Figure 5A) . The human cardiomyocytes occasionally established junctions with host cardiomyocytes (Figure 5B) , but most were separated from the host by scar tissue. The cardiomyocytes expressed the expected cardiac marker proteins, such as Nkx2.5, MLC2V and β-MHC (in contrast to host rat α-MHC), and had immature sarcomeres (Figure 5A) . Interestingly, the human cardiomyocytes remained proliferative until 4 weeks post transplantation. When given a 1-h BrdU pulse to detect DNA synthesis, 1.4% of cardiomyocytes were labeled, and mitotic figures were readily detected (Figure 5C) . Correspondingly, graft size grew substantially between 1 and 4 weeks. Heart function was likewise improved. Cardiac magnetic resonance imaging demon-strated a 2.5-fold increase in systolic wall thickening in the infarcted region of rats receiving human cardiomyocytes (Figures 5D,E) , and echocardiography demonstrated a 40% improvement in fractional shortening among the 3 different control groups.
Although these are encouraging findings, we do not yet know whether the transplanted cells were under control of the sinoatrial node and beating synchronously with the rest of the heart. The increased systolic function does, however, suggest the transplanted population induces local force generation. Another concern is the potential for arrhythmia arising from transplanted cells, particularly given that both nodal and ventricular cells can be generated from immature cardiomyo- cytes. Rhythm disturbances from pacemaker activity within the transplanted cells would be difficult to detect, given that the rat heart rate is approximately 450 beats/min and would thus overdrive suppress any automatic focus created by donor human cardiomyocytes. Further study in species with slower heart rates will be needed. Despite these limitations, this work demonstrates an ability to make an enriched population of mitotically active, immature cardiomyocytes for transplan-tation in a scalable system, and it shows that these cells can improve cardiac function post infarction.
Creation of Vascularized Cardiac Patches for Transplantation
Although individual cells survived in a rodent transplant model, the graft size remained relatively small and variable. Tissue engineering presents a complementary approach to cell therapy, potentially offering larger and more predictable grafts. Many groups have approached cardiac tissue engineering by using synthetic or natural biodegradable scaffolds seeded with cardiomyocytes and other cell types. [40] [41] [42] Although these methods show promise, there are several drawbacks, including possible toxicity of the scaffold (eg, degradation products), induction of an inflammatory response, poor compliance with heart function, non-uniform and lowdensity cell seeding, and electrical isolation of the graft. Concerned by these limitations, our group has generated scaffoldfree human cardiac tissue patches for transplantation. 43 When hESC-derived cardiomyocytes are cultured on an orbital shaker, within 2 days they self-adhere, forming a disk-shaped patch of tissue. The diameter of the patch can be manipulated both by the initial number of cells added to the culture and the orbital speed, while the thickness remains approximately 400 μm (Figures 6A,B) . Interestingly, although the initial population of cells used to create the patches was approximately 30% human cardiomyocytes, after 10 days of 3-D growth, the patches were >75% cardiomyocytes. Unfortunately, these cardiac patches had poor survival when transplanted into skeletal muscle, most likely because of ischemia. We hypothesized that a "prevascularized" patch would develop a circulation more rapidly and enhance overall survival. To increase vascularization, human umbilical vein endothelial cells or hESC-derived endothelial cells plus mouse embryonic fibroblasts, as a mesenchymal support, were added at a 1:1:0.5 ratio (Figures 6C-F) . The resultant tri-cell patches developed vessel-like structures (Figure 6C ) without compromise of a cardiac phenotype (Figure 6D) . These patches could be field-stimulated up to approximately 3 Hz (180 beats/min) with gradual loss at faster rates (Figure 6E) . When loaded with a fluorescent indicator of calcium transients, these patches clearly demonstrated a synchronized calcium transient, appearing as waves across the macroscopic tissue patch, which implies the existence of coupled depolarization between cardiomyocytes. In contrast to the cardiomyocyte-only patches, the prevascularized tri-cell cardiac patches were resilient in transplantation experiments. When transplanted into hindlimb skeletal muscle, the patches showed >10-fold enhancement of cardiomyocyte survival compared with the cardiomyocyte-only constructs (Figure 6F) . Tri-cell patches were then sutured directly onto the epicardial surface of uninjured nude rat hearts (Figure 6G ). 43 After 7 days these grafts demonstrated persistent β-MHC expression, with immature sarcomeric structures (Figure 6H) . Importantly, the human endothelial cell structures had transitioned into definitive microvessels. The human vessels were found to contain both rat erythrocytes and leukocytes, demonstrating anastomosis to the host coronary circulation (Figure 6I) .
The tissue engineering experiments are subject to some of the same limitations discussed for cell therapy. It is not known whether the grafts electrically couple with the host, and possible arrhythmic complications may be masked by the rat's high heart rate. Nevertheless, we have found our largest human cardiac grafts to date using these engineered cardiac tissue patches and this will be an important area for the field to continue advancing.
Conclusions
Since the initial report on hESC culture over a decade ago, there have been many advances in the ability to direct these stem cells to either a cardiac or an endothelial cell fate. Fascinatingly, the differentiation cues that control cardiac development in lesser vertebrates have a similar function in hESC differentiation. Work from our laboratory, as well as those of others, is focused on dissecting the molecular pathways that determine a cardiovascular fate. By understanding the basic biology of ESCs, we are furthering our ability to manipulate these cells for a therapeutic purpose. Improvements in cell culture conditions, transplantation technology and tissue engineering may lead us to a new method of treating cardiovascular disease.
